surface temperature patterns explained 72% of the 1oge transformed chlorophyll variance. In contrast with the above relationships, summer zooplankton concentrations were not consistently related to satellite temperature patterns. While peaks showed a qualitative association with higher chlorophyll concentrations at the outer edge of the upwelling area, surface temperature was a poor predictor of zooplankton concentration over the study area as a whole.
INTRODUCTION
In the past, the mapping of plankton distributions and the development of models relating them to physical oceanographic processes, especially in complex and dynamic continental shelf regions, have suffered from the unavoidable nonsynoptic nature of ship sampling. It is extremely difficult, especially with nonconservative biological variables, to separate spatial variability from temporal variability. Satellite infrared images of sea surface temperature (SST) provide a means of synoptically mapping and monitoring the surface signature of many of the physical processes which potentially have important biological implications. To the extent that plankton spatial patchiness is a response to physical processes, surface distributions of phytoplankton and zooplankton may be correlated with surface thermal features visible in satellite imagery. Satellite images of sea surface temperature may thus contain valuable information about the spatial and temporal distribution of surface plankton. In this paper we examine the extent to which satellite images of sea surface temperature reflect distributions of near-surface phytoplankton and zooplankton. Our purpose is not only to examine relationships between hydrographic properties and plankton concentrations but also to show simple, quantitative relationships between the cheap and readily available synoptic coverage of infrared satellite imagery and more expensive and, at best, quasisynoptic surface plankton measurements.
The importance of physical processes in determining the al of deep, nutrient rich water on the shelf is often uncoupled from the wind forcing. They argued that localized upwelling off the mouth of Juan de Fuca Strait is most likely associated with a topographically induced cyclonic eddy. These previous studies have shown the southern British Columbia shelf to be physically dynamic and likely to have strong surface thermal gradients. Many of these processes and features are visible to infrared satellite imagery [e.g., Thomas and Emery, 1986; Emery et al., 1986] . The shelf also has a productive and heterogeneous plankton regime which these studies have shown to be closely coupled to the physical regime. This continental shelf region therefore provides a suitable location to examine relationships between infrared satellite imagery and plankton distributions.
DATA COLLECTION AND PROCESSING
Advanced very high resolution radiometer (AVHRR) satellite images of the west coast of British Columbia were received and processed at the University of British Columbia Satellite Oceanography Laboratory during two in situ sampling periods representing an early winter situation (November 28 to December 3, 1983) and a mid summer situation (July 10-18, 1984). Cloud-free weather along the British Columbia coast during both periods resulted in sequences of 10 infrared images of the study area for the winter sampling period and 15 infrared images for the summer sampling period. Raw satellite data were processed into navigated images of maximum spatial resolution (1 pixel = 1.1 km) according to the procedure described by Emery and Ikeda [1983] using high-quality satellite ephemeris data supplied by the U.S. Navy. Final navigational accuracy was usually within one pixel over the entire image. Land-and cloud-contaminated pixels in each image were manually flagged. Attempts to use a split-window atmospheric correction [McClain, 1981] for these images resulted in an unacceptable increase in the spatial variance of the resultant temperature signal. This variance was most likely due to uncorrelated noise in channels 4 and 5. Although spatial filters would reduce this noise, they would also blur smallscale thermal patterns and gradients. In situ near-surface temperature measurements were used as ground truth data to provide the equivalent of an atmospheric correction for channel 4 of each satellite image. This assumes a horizontally homogeneous atmospheric attenuation which is likely to be valid over the relatively small study area, provided that pixels contaminated with cloud or fog are avoided. Ship measurements of surface temperature from cross-shelf transects were compared with satellite measurements from the same geographic locations and the least possible temporal separation (always less than 12 hours). A mean bias was calculated for each satellite image based on these transects and subtracted from the entire image to produce two temperature data sets of minimum root-mean-square difference. These mean biases (tship-tch .... 14-) ranged between 2.3 ø and 3.8øC. Correlations between satellite-and ship-measured temperature along the transects used to make these corrections ranged between 0.901 and 0.992 (the number of observations ranged from 72 to 108).
Near-surface measurements of temperature, salinity, fluorescence, and zooplankton-sized particle abundance were made once per minute along a series of cross-shelf transects using a continuous flow, high-resolution, automated sampling system. The transects sampled during each cruise are shown in the next section, superimposed on concurrent satellite imagery. A detailed description of the apparatus and its use is given by Mackas et al. [1980] and will not be repeated here. Sampling depth was 1.5 m during the winter cruise, when the automated sampling system was linked to the ship's water intake and sea chest. Different plumbing aboard the summer research vessel did not allow a similar linkup, and water was sampled from Obviously bad data points were first removed, and then the data record was averaged into 1-km bins. This smoothing procedure eliminated small-scale structure but reduced the noise level, producing an in situ data set with a spatial resolution similar to that of the AVHRR data.
To reduce apparent spatial patchiness in the zooplankton data caused by diurnal vertical migrations, each of the winter transects, and each of the summer transects except part of leg 4, were sampled during daylight. Although night might have been a more effective time to sample, this portion of the cruises was utilized by other biological sampling.
Vertical temperature-salinity (T-S) profiles were obtained with a Guildline conductivity-temperature-depth probe (CTD) at stations 18.5 km apart along each of the winter transects. Summer vertical temperature profiles were collected using an expendable bathythermograph (XBT). Summer station spacing was 9.25 and 18.5 km across shelf and 18.5 km along shelf. The geographic locations of these stations are given in the next section in relation to the concurrent satellite-measured surface thermal patterns. Two approaches were used to quantify similarities between satellite-measured thermal patterns and plankton distributions. The first approach used a least squares approximation to define regression equations relating plankton concentrations with satellite surface temperature. The regression coeficients were then used to create a "plankton" image from the mean satellite temperature image and the relationship between image (modeled) concentrations and ship-measured concentrations used as a measure of similarity. The second approach expanded on relationships between specific plankton concentrations and hydrographic zones identified in temperature-salinity-plankton plots. Specific zones within each image were isolated by density slicing the thermal image at subjectively chosen thresholds. Each zone was then assigned the mean plankton concentration calculated from the in situ data points within the threshold boundaries and a "plankton" image created from these regions. The statistical relationship between modeled and measured concentrations was then calculated and used as a measure of similarity. Three statistics were used to quantify the relationship between modeled and measured plankton concentrations. A root-mean-square (rms) difference between the two quantities provided a dimensional estimate of the model success in the same units as the treated data. The rms difference was defined The number of degrees of freedom in these calculations is not easily defined. The statistics just defined incorporate both the large-scale field of variability (gradients larger than the length of the transects), which will not have been sampled in a statistically adequate manner, and smaller-scale variability (gradients shorter than the transects), which will have been sampled adequately. The number of data points used in these calculations was 461 and 453 respectively, for the winter and summer cruises. Each of these data points, however, cannot be considered independent [-Mackas, 1984; Millard et al., 1985] owing to the short distance between them (high rate of sampling) relative to the length scales of oceanographic processes. The separation of the data points was 1 km, considerably less than the •30 km length scales observed to dominate this region of the continental shelf by Denman and Freeland [1985] . For temperature and salinity, this spatial autocorrelation is a result of mixing associated with eddies, tidal advection, and other processes with length scales larger than 1 km. The autocorrelation of chlorophyll and zooplankton is a result of interaction with these physical processes as well as biological processes, all of which induce well-known spatial patchiness.
The statistics utilize the total variability within the data. In the absence of a precise method of calculating the degrees of freedom associated with them, we first separate the larger-and smaller-scale variability and then present arguments for the degrees of freedom and/or significance of each. Over time periods of less than 36 hours, surface patterns remained highly correlated. At separations starting at 24 hours, however, the range in correlation values began to increase. At 48 hours separation, correlations ranged from 0.72 to 0.38. This reflects a short time scale "event" which rapidly changed surface temperatures and patterns on July 16-17. Prior to this event, image patterns remained similar, and high correlations in Figure 3 extend to separations as long as 72 hours. Extrapolated structure functions from data averaged over 25 cruises [Denman and Freeland, 1985] show that nearsurface thermal patterns might be considered synoptic for time scales of less than 10 days. Although the satellite-measured surface skin temperature is probably less conservative than the integrated upper layers measured by these authors, data presented here suggest that specific events during the summer can make time scales of synopticity considerably shorter than this 10-day mean.
The Strait. Lowest concentrations were present both in the coldest water in the center of the eddy and also throughout the warmest water. This demonstrates that the relationship shown in the T-S-plankton plots was maintained spatially over the entire study area. Chlorophyll concentrations sampled later in the study period along leg 6 (Plate 4c) showed that despite dramatic changes in the sea surface temperature pattern associated with the cooling event, this relationship between temperature and chlorophyll concentration was maintained. While higher concentrations were present throughout the cooler water now occupying most of the shelf, a decrease in concentration was coincident with the tongue of warm water isolated over the shelf, north of the cyclonic eddy. Patterns of zooplankton concentration during the early portion of the summer study period (Plate 4b were less consistently related to features visible in the mean image. Increased concentrations in the southern portion of the study area were generally associated with the surface frontal zone at the outer edge of the eddy. Although these increases were not consistent along the frontal region, they do suggest that higher zooplankton biomass was generally coincident with the regions of higher phytoplankton concentration seen in Plate 4a. A localized peak in zooplankton concentration was also present along the northern transect in warm, strongly stratified surface Values are given for before and after detrending by removal of the least squares fit plane from each of the variables and for the percentage of covariance remaining after detrending.
water. High concentrations in this portion of the study area did not appear to be associated with any identifiable surface hydrographic feature. The highest concentrations seen by Mackas et al. [1980] over the outer shelf in the southern portion of the study area are similar to those seen in Plate 4b, although these authors did not observe an associated peak in chlorophyll concentration. The peak in zooplankton concentration evident along the northern transect in the vicinity of La Perouse Bank was also not observed by Mackas et al.
1-1980]. The image recorded after the cooling event (Plate 4d)
shows that this higher zooplankton concentration was maintained within the warmer water, now isolated as a narrow tongue on the shelf.
IMAGE-DERIVED PLANKTON DISTRIBUTIONS
Plates 3 and 4 indicate that relationships between plankton concentrations and surface hydrography not only were maintained when compared with satellite-measured sea surface temperature but also formed coherent and relatively unambiguous spatial patterns similar to those in the satellite imagery. This suggests that major features of the surface distribution of both phytoplankton and zooplankton concentration might be represented by satellite images of surface thermal patterns. Both winter chlorophyll and zooplankton data and summer chlorophyll data collected prior to the cooling event were used to form statistical estimates of the ability of the infrared images to represent plankton distributional patterns. Spatial relationships between summer zooplankton concentrations and the mean image were not consistent enough to allow meaningful statistical estimates of their similarity, and the single transect of both chlorophyll and zooplankton data from the later time period were considered too sparse to attempt a quantitative estimate of similarity.
During both winter and summer, the large-scale structure was a general cross-shelf gradient from colder temperatures and higher plankton concentrations nearer shore to higher temperatures and lower plankton concentrations offshore. The dependence of chlorophyll and zooplankton variance on the large-scale structure was estimated by first examining the covariance matrix of the variables for the entire study area. The dominant trend of each variable was then removed by subtracting a least squares fit plane in x, y, z space, where z was the value of the variable being detrended, and a second covariance matrix calculated from the residuals. Approximately 76% of the chlorophyll and 37% of the zooplankton winter covariance with temperature (Table 1) for the variable f at a spatial distance or lag h, represents as a mean square difference the statistical influence of a point upon other points at distance h. Dominant features of a specific spatial scale will produce a peak in the function at that spatial lag. Scales at which little spatial structure exists will be represented by flat portions of the function [Lutjeharms, 1981] .
Structure functions of surface temperature, salinity, chlorophyll, and zooplankton from each leg of each cruise were calculated from the data detrended by a least squares fit straight line to estimate a cross-shelf length scale. Summer chlorophyll and zooplankton data were first log e transformed as was recommended by Denman and Freeland [1985] to increase the normality of their distributions. This transformation was not applied to the winter biological data because rates of biological processes which tend to cause these variables to depart from a normal distribution, such as grazing and growth, are minimal during winter. Structure functions from each cross-shelf transect within a season were averaged to produce a mean function for each variable for the winter and summer sampling periods. The magnitude of the structure function for each variable was then scaled to fit between 0 and 1, to facilitate comparison.
The structure functions (Figure 10) show that during both winter and summer, a length scale is apparent in the hydrographic and the planktonic data. The winter functions show that chlorophyll and zooplankton reach a distinct peak in dissimilarity at a separation of • 10 km. Both temperature and salinity functions show a change in slope at • 18 km. The summer functions show that chlorophyll, temperature, and salinity reach a broad peak in dissimilarity at •19 km. The zooplankton structure function shows a much shorter length scale of dissimilarity, suggesting a dissociation from the other variables and shorter length scale patchiness. An alongshore length scale is difficult to calculate from the transects sampled in this study. Denman and Freeland [1985] , however, show that temperature, salinity, and chlorophyll all reach a peak of dissimilarity at .
• 30 km in this region of the shelf. Mackas [1984] shows that zooplankton biomass has an alongshore length scale of •25 km. These values suggest that adjacent transects were not independent but that transects separated by more than this distance were.
Using an average cross-shelf length scale for each season and assuming transects separated by more than 30 km to be independent, the winter data set yields (461/14)/2 • 16.5 independent realizations and the summer data set yields (453/19)/2 • 12 independent realizations. These are applicable to that portion of the covariance associated with smaller-scale structure.
The interpretation of the statistics is that while they are an effective representation of the relationship between the satellite data and the plankton concentrations presented here, their statistical applicability outside the time and space scales of the data themselves is unsure.
Winter
Winter surface chlorophyll and zooplankton concentrations were regressed against mean satellite temperatures using both untransformed and log e transformed values. The success of these four regressions is presented in Table 2 . Biological processes within plankton communities result in an "overdispersed" or patchy distribution of both organisms and other nonconservative properties such as nutrients. Relationships between population variables primarily controlled by these biological processes and any more conservative variable are therefore likely to be most closely described by some form of logarithmic function [e.g., Denman and Freeland, 1985 Least squares regression coefficients of the slope and intercept are a and/3; rmsdif is root-mean-square difference in the same units as the variable. N = 461 for each regression. T and S are the mean image temperature and the modeled salinity thresholds used to separate each zone. "Total" refers to all data points in the study area (statistics for the total image), VICC refers to points in the image classified as Vancouver Island Coastal Current water, DC refers to Davidson Current water, and "transition" refers to transition zones between hydrographic regimes. The rms difference rmsdif is in the same units as the original variable, and X is the mean concentration within the zone.
show an expected lack of fit in frontal regions, especially in the southern portion of the study area. The chlorophyll image shows that regions occupied by offshore water tend to depart from the overall regression, indicating an inconsistent relationship between temperature and chlorophyll across the shelf. The regression equation is most likely dominated by the gradient from high to low chlorophyll concentrations from colder Vancouver Island Coastal Current water to warmer Davidson Current water. The zooplankton image indicates larger errors at the seaward portions of legs 5 and 6. It is possible that the previously mentioned lack of synopticity is contributing to the error in these regions. The chlorophyll regression in this region, however, did not seem to be affected. The T-S-plankton plots showed that regions of specific plankton concentration on the winter shelf could be separated in terms of temperature and salinity. A simple mixing model was used to predict surface salinity distribution from the satellite temperature image. Using these two image products, each pixel of the study area could be assigned coordinates in T-S space to mimic the T-S-plankton diagrams. Surface water was assumed to be a result of mixing between the three previously described water regimes (Figure 4 The "salinity" image produced from this model showed the same features as contours of measured surface salinity presented by Thomas and Emery [1986] . Redrawn T-S-plankton plots using modeled salinity, mean satellite temperatures, and sampled plankton concentrations showed that this model allowed the same separation of water types and plankton concentrations as that seen in the original T-S-plankton plots (Figures 8a and 8b) .
Hydrographic thresholds used to define regions of similar plankton concentration in satellite derived T-S space are given in Table 3 along with mean concentrations calculated for the resultant regions. "Plankton" images constructed from these means are given in Plates 6a and 6b. (Plate 6 can be found in the separate color section in this issue.) Statistics of these images (Table 3) Table 3 shows that the offshore water had the lowest rms difference, indicating that concentrations within this hydrographic regime were the most precisely modeled. Zooplankton concentrations in coastal current water had the greatest rms difference and were the least precisely modeled.
The transects overlayed on these "plankton" images give a spatial representation of the model errors. Consistent errors at the boundaries of hydrographic zones are indicative of slight mismatches in synopticity. While the mean image provides the best reduction of the satellite image series to represent surface thermal patterns over the study period, it obviously loses the more precise coregistering of individual in situ transects with concurrent satellite imagery. Errors in both the chlorophyll and zooplankton models within the coastal current regime reflect the inability of this simple modeling approach to reproduce the increased spatial patchiness of this zone. The remarkably effective representation of surface plankton concentrations within the Davidson Current and offshore zones indicates a strong dominance of plankton distributional patterns by large-length-scale physical mixing processes.
A further effort was made to reduce the error of the threshold chlorophyll model by subdividing the image into another T-S region, and narrowing the threshold limits of previously defined hydrographic regions. Redefined thresholds for these five regions are given in Table 3 . No attempt was made to improve the extremely low rms difference in offshore water. Statistics of this model (Table 3) Summer T-S-plankton plots (Figure 9a) showed that (unlike in winter) the majority of chlorophyll variation was associated with temperature and that salinity need not be considered. These figures also show no consistent relationship between zooplankton concentration and surface hydrography. Attempts to derive quantitative models of surface zooplankton distribution from surface temperature were not successful.
Regressions of chlorophyll concentration on mean satellite temperature (Table 4) T is temperature from the mean satellite image. "Total" refers to all sampled data points, "stratified" refers to offshore warmest water, "coldest" refers to most recently upwelled water, and "frontal" refers to upwelled water of intermediate temperature around the edge of the upwelling zone.
The lack of correlation between zooplankton concentration and satellite temperature is evident in Table 4 Temperature thresholds which would partition the shelf into three zones of chlorophyll concentration representing warm regions (stratified water) with low concentrations, cold regions (most recently upwelled water) also with low concentrations, and intermediate temperatures (older upwelled water) with highest concentrations were identified from the T-S-plankton plot. The mean summer image was then sliced at these thresholds, and a "plankton" image was created by assigning the mean chlorophyll concentrations (calculated from in situ data) to each zone. These temperature thresholds, the mean chlorophyll concentrations, and the rms differences for each region (Table 5) show that the warm stratified region and the newly upwelled, coldest water were most effectively modeled. The greatest error was, not surprisingly, associated with the frontal zone around the outer edge of the eddy where the highest concentrations were observed. Although the density slice model reproduced the three major regions of chlorophyll concentration expected from theoretical considerations, the total error associated with the resultant "plankton" image was larger than that of the regression model (Table 4) 
